INTRODUCTION
============

Inflammasome is a cytoplasmic multiprotein complex mediating the maturation of inactive procaspase-1 into active caspase-1 and the subsequent processing of proinflammatory cytokines interleukin-1 beta (IL-1β) and IL-18 ([@B1]). Assembly of inflammasome complex is initiated when the upstream pyrin domain (PYD)- or caspase recruitment domain (CARD)-containing nucleotide-bindng oligomerization domain (NOD)-like receptors (NLRs) or absent in melanoma 2 (AIM2) sense abnormal cytoplasmic molecular patterns derived from microbes or endogenous danger signal ([@B2]). Then, PYD-containing NLRs or AIM2 triggers the oligomerization of apoptosis-associated speck-like protein containing a CARD (ASC) to form ASC pyroptosome, resulting in caspase-1 activation and pyroptotic cell death ([@B3],[@B4]). However, it is still unclear whether ASC and its oligomerization are required for CARD-containing NLRC4 inflammasome activation.

Accumulating evidences have proposed that inflammasome plays a pivotal role in host defense against a wide range of microbial pathogens by recognizing a unique pattern of microbes and by promoting caspase-1/IL-1β signaling pathway ([@B5],[@B6]). For example, NLRP3 inflammasome is activated by a variety of microbial infection such as *Listeria monocytogenes*, *Staphylococcus aureus*, influenza virus and *Candida albicans*, but the detailed cytoplasmic pathogen-associated molecular pattern (PAMP) to activate NLRP3 is poorly characterized ([@B5],[@B6]). On the other hand, it has been clarified that both bacterial flagellin and type III secretion system (T3SS) are important for the activation of NLRC4 inflammasome upon infected mainly with Gram-negative bacteria including *Salmonella typhimurium* and *Pseudomonas aeruginosa* ([@B7]-[@B9]). In addition, specific neuronal apoptosis inhibitor protein (Naip) family recognizes bacterial flagellin or T3SS rod component such as PrgJ and facilitates the activation of NLRC4 inflammasome ([@B10],[@B11]).

NLRP3 associates with ASC through the PYD homotypic interaction to form NLRP3 inflammasome in response to a wide range of pathogen infections or danger signals released from tissue injury ([@B5]). In the case of NLRP3 inflammasome, ASC oligomerization is the critical step for caspase-1 activation, IL-1β secretion and pyroptotic cell death ([@B2]). Moreover, potassium efflux is necessary for NLRP3- or AIM2-dependent ASC oligomerization and the subsequent inflammasome activation ([@B3],[@B12]). In contrast to NLRP3 or AIM2, NLRC4 contains CARD domain, which associates directly and specifically with procaspase-1 through CARD-CARD interaction ([@B13]). In this regard, the initial study demonstrated that overexpression of truncated NLRC4 promoted the robust caspase-1 activation in the absence of ASC ([@B13]). However, ASC-deficient macrophages showed a defect in caspase-1 activation in response to *S. typhimurium* infection ([@B14],[@B15]). It was also reported that *S. typhimurium* infection did not promote caspase-1 activation but caused a normal cell death in ASC-deficient macrophages ([@B14],[@B16]). Thus, it is still elusive how ASC is implicated in the NLRC4-dependent caspase-1 activation. In this study, we examined whether ASC oligomerization is required for NLRC4 inflammasome activation by *S. typhimurium* infection.

MATERIALS AND METHODS
=====================

Cell culture and stimulation
----------------------------

Bone marrow cells were isolated from femurs of C57BL/6J mice and differentiated for one week in a L929-conditioned DMEM/F-12 medium supplemented with 10% FBS. To induce NLRP3 inflammasome activation, bone marrow derived macrophages (BMDMs) were primed with LPS (0.25 µg/ml) for 4 h and treated with nigericin. THP-1-ASC-GFP cells were grown in RPMI 1640 supplemented with 10% FBS, 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 1.5 g/l sodium bicarbonate and 0.05 mM 2-mercaptoethanol. Before treatment or infection, THP-1-ASC-GFP cells were primed with phorbol-12-myristate-13-acetate (PMA) (0.4 µM, 3 h) and grown for 16 h.

*Salmonella* infection
----------------------

*S. typhimurium* (kindly gifted from Dr. Yoon SS, Yonsei University College of Medicine) were grown overnight at 37℃ with aeration, and then diluted (1:20) and grown for additional 2 h. Murine BMDMs or human THP-1 cells stably expressing ASC-GFP (THP-1-ASC-GFP) were infected with *S. typhimurium* at the indicated MOI (multiplicity of infection) for 30 min, washed three times to remove extracellular bacteria, and incubated with the gentamicin (100 µg/ml)-containing medium for 150 min before harvest.

Antibodies and reagents
-----------------------

Anti-mouse/human caspase-1 antibody was obtained from Santa Cruz (Santa Cruz, CA) or kindly gifted from Dr. Emad Alnemri (Thomas Jefferson University). Anti-mouse/human IL-1β antibody was purchased from R&D (Minneapolis, MN) and Cell Signaling (Beverly, MA). Anti-ASC antibody was from Santa Cruz. LPS, nigericin and glybenclamide were obtained from Sigma (St. Louis, MO). z-VAD-fluoromethylketone was from Bachem (Torrence, CA) or BD (San Jose, CA). All the culture medium and supplements were purchased from Invitrogen (Grand Isalnd, NY).

Immunoblot analysis
-------------------

Harvested cells were lysed in a buffer containing 20 mM HEPES, pH 7.5, 0.5% NP-40, 50 mM KCl, 150 mM NaCl, 1.5 mM MgCl~2~, 1 mM EGTA and protease inhibitors. Cell lysates were fractionated on SDS-PAGE, transferred onto PVDF membranes (Bio-Rad), and then Western-blotted using appropriate antibodies as indicated. Cell culture supernatants were precipitated by methanol/chloroform as described previously ([@B4],[@B17]) and then immunoblotted with appropriate antibodies.

Determination of ASC oligomerization
------------------------------------

Chemical crosslinking was performed using discuccinimidyl suberate (DSS) as described previously ([@B18]). Precipitated pellets and soluble lysates were simultaneously immunoblotted using anti-ASC antibody. To quantify *in situ* ASC oligomerization, ASC specks were counted in THP-1-ASC-GFP cells using a fluorescence microscope (Olympus IX71/DP71). More than 150 cells were counted for ASC speck formation in each well.

Cytotoxicity assay
------------------

Cell death was determined using a CytoTox 96 Non-Radioactive Cytotoxicity Assay kit (Promega) according to the manufacturer\'s protocol. LDH release was calculated as relative percentage of extracellular LDH per total LDH.

RESULTS
=======

Potassium efflux is not critical for caspase-1 activation by *Salmonella* infection
-----------------------------------------------------------------------------------

ASC oligomerization is essential for NLRP3- or AIM2-dependent caspase-1 activation, IL-1β secretion and pyroptosis ([@B3],[@B4]). Although the detailed mechanism is not well understood, intracellular K^+^ depletion is a critical event for ASC oligomerization and ASC-dependent caspase-1 activation ([@B3],[@B19]). Indeed, the inhibition of K^+^ efflux completely blocks NLRP3- or AIM2-mediated caspase-1 activation triggered by pore-forming toxin, alum crystal, cytoplasmic DNA and *Francisella tularensis* infection ([@B12],[@B19],[@B20]).

To explore whether *S. typhimurium* infection induces ASC oligomerization-dependent caspase-1 activation, we first examined the effect of K^+^ efflux on the caspase-1 activation by *S. typhimurium* infection in mouse BMDMs. *Salmonella*-induced caspase-1 activation was clearly inhibited by pan caspase inhibitor zVAD ([Fig. 1A](#F1){ref-type="fig"}). Seemingly, prevention of K^+^ efflux by raising extracellular K^+^ concentration as 120 mM partially attenuated *Salmonella*-induced caspase-1 activation ([Fig. 1A](#F1){ref-type="fig"}). However, an inhibitor of ATP-sensitive K^+^ channels, glybenclamide, failed to reduce caspase-1 activation by *S. typhimurium* infection.

In contrast, inhibition of K^+^ efflux by increasing extracellular K^+^ concentration or glybenclamide completely suppressed caspase-1 maturation and IL-1β secretion in response to nigericin, a well-known K^+^ ionophore to stimulate NLRP3 inflammasome ([@B15]) ([Fig. 1B](#F1){ref-type="fig"}). These observations suggest that K^+^ efflux is critical for the activation of NLRP3 inflammasome, but not of NLRC4 inflammasome, at least by *S. typhimurium* infection.

*Salmonella* infection promotes ASC oligomerization
---------------------------------------------------

To clarify the differential role of K^+^ efflux in the NLRC4- or NLRP3-induced caspase-1 activation, we determined the ASC oligomerization triggered by both inflammasomes. Nigericin, a NLRP3 inflammasome stimulator, induced a robust ASC oligomerization in BMDMs as determined by crosslinking experiment ([Fig. 2A](#F2){ref-type="fig"}). This ASC oligomerization was not abrogated by zVAD, which clearly attenuated caspase-1 activation by nigericin, indicating that ASC oligomerization is an upstream event for caspase-1 processing. Inhibition of K^+^ efflux by increasing extracellular K^+^ concentration or glybenclamide efficiently blocked nigericin-induced ASC oligomerization as expected ([Fig. 2A](#F2){ref-type="fig"}).

Next, we determined whether ASC is substantially oligomerized upon *S. typhimurium* infection. Similar to nigericin stimulation, *S. typhimurium* also induced the oligomerization of ASC, although it was weaker than nigericin ([Fig. 2B](#F2){ref-type="fig"}). Interestingly, glybenclamide treatment did not reduce either ASC oligomerization or caspase-1 activation in response to *S. typhimurium* infection ([Fig. 2B](#F2){ref-type="fig"}). Instead, prevention of K^+^ efflux by glybenclamide slightly increased *Salmonella*-mediated ASC oligomerization and caspase-1 processing. These data suggest that ASC is oligomerized to facilitate the activation of NLRC4 inflammasome upon *S. typhimurium* infection, but K^+^ efflux is dispensable not only for caspase-1 activation but for ASC oligomerization by *S. typhimurium*.

To verify this observation, we infected human monocytic THP-1-ASC-GFP cells with *S. typhimurium*. In consistency with the above results in mouse BMDMs, *S. typhimurium* promoted the intracellular formation of ASC specks, previously termed as ASC pyroptosome ([@B3]), as well as the subsequent secretion of active caspase-1 and IL-1β ([Fig. 3A](#F3){ref-type="fig"}). Prevention of K^+^ efflux by glybenclamide significantly attenuated the formation of ASC speck in response to nigericin, but not to *S. typhimurium* infection ([Fig. 3B](#F3){ref-type="fig"}). These findings verified the differential role of K^+^ efflux in the NLRP3- or NLCR4-dependent ASC oligomerization.

Potassium efflux is not required for macrophage cell death by *Salmonella* infection
------------------------------------------------------------------------------------

Previous studies have shown that *S. typhimurium* infection induced caspase-1- and NLRC4-dependent pyroptotic cell death ([@B8],[@B16]). However, *Salmonella*-induced cell death was not abrogated in ASC-deficient macrophages, indicating ASC is essential for caspase-1 activation but dispensable for pyroptosis in response to *S. typhimurium*. Here, we examined whether K^+^ depletion might affect *Salmonella*-induced cell death by measuring LDH release into extracellular medium. *S. typhimurium* infection caused a relatively weaker ASC oligomerization compared to nigericin treatment ([Fig. 3](#F3){ref-type="fig"}). Unlike the above result, *S. typhimurium* infection and nigericin stimulation were equipotent in promoting macrophage cell death ([Fig. 4](#F4){ref-type="fig"}), indicating that ASC oligomerization is not directly correlated with the macrophage cell death by *S. typhimurium*. In addition, prevention of K^+^ efflux by raising extracellular K^+^ concentration or glybenclamide showed no modulatory effect on macrophage cell death by *S. typhimurium* infection ([Fig. 4A and C](#F4){ref-type="fig"}). However, nigericin-promoted cell death was significantly reduced by the inhibition of K^+^ efflux ([Fig. 4B and C](#F4){ref-type="fig"}). These data indicate that intracellular K^+^ depletion plays a critical role in macrophage cell death by NLRP3 inflammasome, but not by *Salmonella*-promoted NLRC4 inflammasome.

DISCUSSION
==========

Bacterial flagellin and T3SS rod proteins are detected by NLRC4 to assemble NLRC4 inflammasome complex mediating caspase-1 activation ([@B7],[@B8],[@B11]), although it is poorly clarified whether ASC is also assembled with the NLRC4 inflammasome. Nonetheless, it is evident that both NLRC4 and ASC are critical for *Salmonella*-mediated caspase-1 activation. A recent study proposed that NLRP3 is also responsible for sensing *Salmonella* through a flagellin-independent manner and both NLRP3 and NLRC4 triggers ASC-dependent caspase-1 activation ([@B21]).

In this study, we demonstrated that *S. typhimurium* promoted ASC oligomerization. However, ASC oligomerization by *S. typhimurium* was less potent than that by NLRP3-stimulating nigericin ([Fig. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). Considering that NLRP3 could also be activated by *S. typhimurium* infection ([@B21]), it is inferred that this weaker ASC oligomerization is only through PYD-containing NLRP3, but not through CARD-containing NLRC4. However, it was also demonstrated that the formation of ASC oligomerized foci by *S. typhimurium* infection was partially impaired not only in *Nlrp3^-/-^* but in *Nlrc4^-/-^* macrophages ([@B21]), indicating both NLR proteins might contribute to the ASC oligomerization. It remains thus to be clarified in detail which NLR protein is engaged in the ASC oligomerization by *S. typhimurium* and how NLRP3 recognizes *S. typhimurium* infection.

Interestingly, *Salmonella*-induced ASC oligomerization was independent of intracellular K^+^ depletion ([Fig. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). Previous studies have shown that *Salmonella*-induced caspase-1 activation was not abrogated by raising extracellular K^+^ concentration ([@B22]). In contrast, one recent report demonstrated that high extracellular K^+^ concentration as 140 mM prevented caspase-1 activation upon *S. typhimurium* infection ([@B23]). In our data, 120 mM KCl, but not 60 mM KCl, partially attenuated caspase-1 activation by *S. typhimurium*, but glybenclamide, another inhibitor of K^+^ efflux, did not reduce *Salmonella*-induced caspase-1 activation and ASC oligomerization. Based on these observations, K^+^ depletion is not likely to contribute to the activation of NLRC4 inflammasome by *S. typhimurium*. It is possible that extremely high concentration of K^+^ in extracellular medium might regulate caspase-1 maturation in a NLRC4 inflammasome-independent manner. In addition, prevention of K^+^ efflux had no effect on macrophage cell death by *S. typhimurium*.

In this study, our results demonstrate that NLRC4 inflammasome signaling pathway in response to *S. typhimurium* is ASC oligomerization-dependent, but intracellular K^+^ depletion-independent. Considering that glybenclamide, an inhibitor of K^+^ efflux, has been used to treat non-insulin dependent type II diabetes, the deregulation of K^+^ efflux-sensitive NLRP3 inflammasome activity might be implicated in the progression of metabolic diseases. By contrast, K^+^ efflux-independent NLRC4 inflammasome seems to provide a host innate immune defense against pathogenic bacterial infection.
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![Prevention of potassium efflux blocks the caspase-1 activation by nigericin, but not by *Salmonella*. (A) LPS-primed BMDMs were untreated or pretreated with zVAD (10 µM), KCl or glybenclamide (glyben, 50 µM) for 30 min as indicated, and then infected with *S. typhimurium* (MOI 30) as described in Materials and methods. Cultural supernatants (Sup) or soluble lysates (Lys) were immunoblotted with anti-caspase-1 antibody. (B) LPS-primed BMDMs were pretreated with the indicated inhibitors as in (A) and stimulated with nigericin (Niger, 5 µM) for 45 min. Supernatants or lysates were immunoblotted with the appropriate antibodies as indicated.](in-12-284-g001){#F1}

![Prevention of potassium efflux blocks the ASC oligomerization by nigericin, but not by *Salmonella*. (A) LPS-primed BMDMs were pretreated with the indicated inhibitors and stimulated with nigericin (5 µM) for 45 min. The cross-linked pellets (Pell), soluble lysates (Lys) and supernatants (Sup) were immunoblotted with anti-caspase-1 or anti-ASC antibodies. (B) LPS-primed BMDMs were infected with *S. typhimurium* (Sal, MOI 30) or treated with nigericin (5 µM) in the presence or absence of glybenclamide, and assayed as described in (A).](in-12-284-g002){#F2}

![Potassium efflux-independent ASC oligomerization by *Salmonella* infection. (A) PMA-primed THP-1-ASC-GFP cells were infected with *S. typhimurium* (Sal) at a MOI of 10 or 30 or stimulated with nigericin (10 µM). The number of ASC pyroptosome was counted using a fluorescent microscope and the ASC speck-containing cells were represented as a relative percentage compared to the total cell number. Cultural supernatants or lysates were immunoblotted with anti-caspase-1 or anti-IL-1β antibodies. (B) PMA-primed THP-1-ASC-GFP cells were infected with *S. typhimurium* (MOI 30) or treated with nigericin (5µM), and assayed as described in (A). The asterisk indicates a significant difference compared to only nigericin-treated cells (n=3, p\<0.05).](in-12-284-g003){#F3}

![Differential effect of potassium efflux on inflammasome-mediated macrophage cell death. LPS-primed mouse BMDMs were infected with *S. typhimurium* (MOI 30, A and C) or stimulated with nigericin (5 µM, B and C) together with the pretreatment of the indicated inhibitors. Cell death was determined by LDH release into extracellular medium as described in Materials and methods. Asterisks indicate significant differences compared to only nigericin-treated cells (B, n=3, p\<0.005; C, n=3, p\<0.001).](in-12-284-g004){#F4}
